Understanding the origins of the excessive Stokes shift in the lead chalcogenides family of colloidal quantum dots (CQDs) is of great importance at both the fundamental and applied levels; however, our current understanding is far from satisfactory. Here, utilizing a combination of ab initio computations and UV−vis and photoluminescence measurements, we investigated the contributions to the Stokes shift from polydispersity, ligands, and defects in PbS CQDs. The key results are as follows: (1) The size and energetic disorder of a polydisperse CQD film increase the Stokes shift by 20 to 50 meV compared to that of an isolated CQD; (2) Franck−Condon (FC) shifts increase as the electronegativities of the ligands increase, but the variations are small (<15 meV). (3) Unlike the aforementioned two minor factors, the presence of certain intrinsic defects such as V Cl + (in Cl-passivated CQDs) can cause substantial electron density localization of the band edge states and consequent large FC shifts (100s of meV). This effect arising from defects can explain the excessive Stokes shifts in PbS CQDs and improve our understanding of the optical properties of PbS CQDs.
T he redshift of an emission spectrum with respect to the corresponding absorption spectrum is known as the Stokes shift. It is an important property in many applications based on semiconductor colloidal quantum dots (CQDs). For example, a large Stokes shift is desired in solar concentrators to minimize photon reabsorption. 1, 2 Conversely, in photovoltaics (PVs), the Stokes shift leads to a loss in the open-circuit voltage (V oc ), and as a result, it should be minimized to achieve higher power conversion efficiency. PbS is one of the best performing quantum dot-based materials for PV applications, but it suffers from a particularly large Stokes shift that limits its efficiency. 3 To effectively control the Stokes shift in various CQD-based applications, there must be an improved understanding of its origins. Previous work has identified two different mechanisms responsible for the Stokes shifts: the dark exciton arising from the exciton fine structure and the Franck−Condon (FC) relaxation. In the dark exciton picture, absorption occurs from a valence state that lies deeper than the band edge states to form an exciton, while emission takes place through band edge transitions with the help of phonons, giving rise to red-shifted photons. 4 Another important mechanism of the Stokes shift is the vibrational relaxations upon photoexcitation and is referred to as a FC relaxation. In the presence of an exciton, each atom of the nanocrystal should experience excited-state forces and undergo consequent structural relaxations, leading to a shift in the total energy of the system. 5, 6 The Stokes shift in II−VI CQDs such as CdSe has garnered particular attentions in the literature, with the focus on excitonic fine structures near the bandedge. 4,7−10 An effective mass model was used to identify the dark exciton in CdSe CQDs. 8−10 In the model, electron−hole exchange interactions and crystal structure anisotropy (wurzite or zinc blende crystal structure of CdSe) split the degenerate 1S band-edge exciton states, wherein the lowest-energy state is optically forbidden (i.e., dark exciton) and the higher energy state is optically allowed (i.e., bright exciton). The Stokes shift in CdSe CQDs is ascribed to the energy splitting between bright and dark exciton states. Another model based on tight-binding approach also supports the argument that the splitting of exciton states is key to explaining the Stokes shift in CdSe CQDs and adds the importance of singlet−triplet splitting for more accurate predictions. 4, 5 Recently, the Kambhampati group made many efforts to explore the effects of vibronic contributions to the absorption and emission spectra in CdSe CQDs. They demonstrated that CdSe emissions are controlled by strong carrier self-trapping, and its linewidth is strongly modulated by the presence of multiple surface states with varying electron−phonon coupling strength. 11, 12 Optical properties such as the Stokes shift are controlled by ligands which delocalizes the excitonic wave function, 11, 13, 14 and the exciton−phonon coupling strengths are enhanced for smaller CQDs with larger relative surface areas. 11, 15 Coherent phonon techniques such as chirp pulse and polarized resolved femtosecond pump/probe were also exploited to successfully measure the exciton−phonon couplings. 16 Unlike CdSe CQDs, an explanation of the origins of the Stokes shift in the lead chalcogenides (i.e., PbS, PbSe, and PbTe) family of nanocrystals based on the exciton fine structure is challenging. 17, 18 Energy splittings between the singlet and triplet states and the manifold quasi-degenerate states near the valence and conduction band edges are only on the order of 20 meV, 19−22 which is too small to explain the 220 meV redshift observed experimentally. Recently, it has been proposed that the presence of midgap state might be responsible for the Stokes shift in PbS CQDs. 23 The role of vibronic contributions in these materials have received comparatively little attention. To the best of our knowledge, FC relaxations in PbS CQDs, as well as the effects of different passivating ligands and intrinsic defects, have not been studied before.
Here, we use both density functional theory (DFT) calculations and UV−vis and photoluminescence (PL) measurements to investigate the origin of the Stokes shift in PbS CQDs, and the contributions of polydispersity, ligands, and defects are quantified. Our results show that the size and energetic disorders in a polydisperse CQD film can increase the Stokes shifts of 3 nm PbS CQDs by approximately 20 to 50 meV compared to isolated CQDs. Our results are consistent with the recent work which systematically studied the effects of polydispersity on the Stokes shift in PbS CQD. 24 The electronegativity of passivating ligands can also affect the FC shift, but the variation is small and <15 meV. In contrast to these minor factors, our calculations show that intrinsic and stable defects such as V Cl + on the naocrystal surface can cause large FC shifts and may be sufficient to explain the origins of the excessive Stokes shift in PbS CQDs.
RESULTS AND DISCUSSION
Polydispersity. Figure 1a shows the measured absorption and PL spectra of four PbS nanocrystal films capped with different ligands. The absorption band edges are at approximately 950 nm, indicating that the CQDs have a diameter of approximately 3 nm. The PL spectra are significantly redshifted relative to the absorption spectra, signifying a large Stokes shift (165−245 meV) comparable to the values reported previously. 20, 23 Figure 1b shows the absorption and PL spectra of the same nanocrystals suspended in dilute solutions. In a typical sample, there is a 5−10% standard deviation in the CQD sizes. Charge carriers can hop from one CQD to neighboring sites with lower band energies before recombination, redshifting the PL spectra. Hopping transport is enhanced in a CQD film, in which the CQDs are closed packed, and hence the electronic couplings are greater than those for CQDs suspended in dilute solutions. 25−27 The redshift due to the size and energetic disorders of a polydisperse CQD film has an additive effect on the intrinsic Stokes shift of individual CQD, and our analysis shows that such effects increase it by approximately 20 to 50 meV ( Figure 1c ). Our measurements highlight that it is important to distinguish the Stokes shift of CQDs in film and in solution. As CQDs are much sparser in solution, we can decouple the effects coming from within the CQD itself from ensemble film effects. The impact from sample polydispersity can be minimized by some of the common strategies used to improve the size uniformity of CQDs, such as size selection 28 and stoichiometric control. 29 It is also worth comparing the sub-band gap reabsorptions between CQDs films and dilute solutions. In a polydisperse CQDs sample, sub-band gap reabsorption occurs when the emitted photons are reabsorbed by larger CQDs or aggregates with a smaller band gap. As we do not observe a defect band in the absorption spectra in our samples, the sub-band gap reabsoption likely arises from the tail end of the distribution. Larger CQDs and aggregates play a much larger role in the film PL spectra, as the charge carriers will eventually migrate to these lower energy centers before emissions. 30 These effects are much less pronounced in dilute solution measurements, where there is a much greater spatial separation between individual CQDs.
We note that a recent work showed film polydispersity arising from nanocrystal aggregation as the dominant factor in the excessive Stokes shift in PbS CQDs. 24 The Stokes shift could be almost eliminated by increasing the ligand concentration, by using nonpolar solvent to prevent CQDs aggregation and extreme dilution of the sample. Our work supports the idea that the energy transfer among CQDs is responsible for a significant amount of excessive Stokes shift; however, our measurements show that the Stokes shifts from isolated CQDs in dilute solutions are still too large (150−195 meV) compared to the values from previous theoretical calculations (<20 meV for similar size CQDs). 21 Ligands. Surface ligands are essential for maintaining the colloidal stability of CQDs due to their large surface area 31, 32 and for modifying their band alignment, 33, 34 morphology, 35 and optical properties. 36 In Figure 1 , we can observe that different ligands lead to different Stokes shift values. However, no clear trend can be conclusively inferred from the experiments. Previous studies have shown that varying the ligand coverage on CdSe CQDs has minimal impact on the first absorption peak energies. 37 To investigate how ligand chemistry can affect the Stokes shift, we performed a series of DFT calculations that allow us to access parameters that are challenging to obtain experimentally. In particular, we systematically explored the impact of ligand electronegativity on the Stokes shift, focusing on the FC shifts, as the effects of the exciton fine structures in PbS CQDs are known to be negligibly small.
The ideal band gap for PV is approximately 1.3 eV, 38 ,39 corresponding to a PbS CQD diameter of 3−4 nm. At this diameter, the most commonly observed CQD has the shape of a truncated octahedron 40 terminated by {100} and {111} planes. 41−43 The {111} facets are typically Pb-rich and passivated with ligands, whereas the other facets, such as {100}, do not require any passivation. Following these considerations, we constructed a CQD model with the chemical formula of Pb 104 S 80 X 48 , where X is an X-type ligand (an example with X = Cl is shown in Figure 2 ). The Pb:S ratio is ∼1.3:1, and the ratio of Pb ions to ligands is approximately 1:2, thereby satisfying the overall stoichiometry. 44 The diameter and band gap of the DFT-optimized structures are approximately 2.0 nm and 1.2 eV, respectively. Our calculated band gap is smaller than the experimentally observed band gap because of the well-known DFT underestimation of the semiconductor band gap. The orbital contributions to the density of states (DOS) near the Fermi level are very similar to other published results, where the valence band and conduction band mainly consist of S(3p) and Pb(6p) orbitals, respectively. 42, 44 The charge density distribution shows that the electron wave function of the valence-band maximum (VBM) and conduction-band minimum (CBM) are delocalized over the core atoms, with some contribution along the {100} surface and very little from the {111} surface.
In the field of organometallic chemistry, ligands are classified on the basis of Green's covalent-bond formalism. X-type ligands correspond to 1-electron neutral ligands and include organic ligands such as carboxylic acids (RCOOH), thiols (RSH), and atomic ligands such as halogen atoms. 45 In our calculations, we passivated the {111} surfaces with methanethiol (CH 3 SH) and halogen atoms (I, Br, Cl). The ionic radii of ligands decrease from I − to Cl − , resulting in shorter Pb−X bond lengths. According to the Pauli scale, the effective electronegativity of the surface ligands follows the order of CH 3 SH < I < Br < Cl. 46 Ligands with higher electronegativities are also bonded more strongly to the surface Pb atoms, further reducing the average Pb−X bond lengths. Therefore, CQDs capped with more electronegative ligands have a smaller effective size with larger resulting FC shifts (Figure 3a ). This phenomenon, that is, the increase in Stokes shifts with decreasing size of the nanocrystal, is well-known. 20, 47 The variations in FC shifts between different ligands are observed only around 15 meV, and the effects will be further diminished as the size of the CQDs increases. Although manipulating the ligand electronegativities can change the FC shift, this effect is too small to explain the excessive Stokes shift observed experimentally.
The atomic displacement is defined as the difference between the atomic positions of the same atom when the CQD is in the electronic ground state {R gs } and the excited triplet states {R xs }. From the charge density plots, we observe that the electron densities of the VBM and CBM are delocalized over the interior of the CQDs (Figures S1−3) . Therefore, the core atoms, defined as atoms with six nearest neighbors, exhibited higher displacements than the surface atoms. The atomic displacements are higher with ligands with larger electronegativities. In particular, most of the ligands passivate the {111} facet, which makes almost no contribution to the CBM and VBM states; hence, the FC shifts are resistant to ligand changes.
The inclusion of spin−orbit coupling (SOC) effects are important for heavy elements such as Pb. 48 However, while the inclusion of SOC effects lowered the FC shifts by about 10 meV, the trends are well described without SOC (Table S1 ). In addition, we examined cases of other CQD geometries and ligand types by performing calculations using a series of cubic CQDs with L-type ligands. The results are summarized in Supporting Information and in general show similar trends as for the cases discussed above ( Figure S4 ).
Defects. One key advantage of PbS CQDs over existing PV technologies is their low-cost and scalable solution-based synthesis. 32, 38, 49 However, during the synthesis process, many structural defects and surface impurities inevitably form, some of which can cause detrimental impacts on the electronic and optical properties. 42, 50 As these defects may cause large electron density localizations, we here systematically investigated their effects on the FC shifts. Three types of defects, that is, (1) small molecular species adsorbed onto the CQD surfaces, (2) Schottky defects where a neutral stoichiometric vacancy pair is removed, and (3) elementary vacancies, were studied. All defects were created from the Cl-passivated CQD Pb 104 S 80 Cl 48 and produced no midgap states (Figure 4a ).
For the first type of defect, we placed water molecules (H 2 O) on the {100} facet of the CQDs. The FC shifts are similar to the defect-free nanocrystal at approximately 60 meV ( Figure  3b ). Next, we created stoichiometric Schottky pairs by removing either PbS or PbCl 2 atoms from the CQD surfaces. The FC shifts from these defects are also small and comparable to the defect-free nanocrystal. For both surface water molecules and surface vacancies V PbS and V PbCl 2 , varying the locations of the defects had negligible impacts on the FC shifts. In both cases, modifying the CQD surfaces has little impact on the overall electron densities of the CBM and VBM states, which are delocalized in the CQD core. Notably, the FC shift from V PbS is approximately 10 meV higher than that of V PbCl 2 . This is because PbS atoms were removed from the {100} facet, which has a larger electron density than the {111} facet from which the PbCl 2 atoms were removed.
When a PbS Schottky pair is created by removing atoms from the nanocrystal core, the resulting FC shift is significantly higher at 524 meV. Removing core atoms led to a large localization of the electron densities of the CBM, which resulted in the exertion of large excited-state forces on the core atoms (Figure 4c ). However, it is prohibitively expensive to create a PbS vacancy pair at the interior of the CQD, as its formation energy is approximately 0.90 eV higher than its counterpart on the surface. We do not expect core vacancies to be present in PbS CQDs, as a strong driving force would move the defect from the core to the surface. 42 
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Article Finally, we investigated various charged elementary defects. In the presence of a counterion in the reaction solution, the formation of charged defects is much more favorable than the formation of their neutral counterparts. 42 As the ionic vacancies are created, the nanocrystal will be bound to counteranions in the solution. Among the defects, V , we see that both the stable V Pb 2− (center) and V Pb 2− (corner) exhibited small FC shifts. Although V Pb 2− (edge) exhibited FC shifts >840 meV, its relative formation energy is prohibitively large. In contrast, V Cl + (corner) and V Cl + (middle) exhibited large FC shifts of over 700 and 800 meV, respectively, with formation energies only 52 and 114 meV higher than the most stable defect structure. At the synthesis temperature of 150°C, a simple Arrhenius relation k ∼ e −ΔE/kT gives formation rates of V Cl + (corner) to V Cl + (edge) and V Cl + (center) of approximately 25:5:1.
To understand why certain V Pb 2− and V Cl + cause large FC shifts, we visualized their electron densities. The CBM mainly consists of Pb(6p) orbital contributions, and the breaking of the Pb−Cl bond when removing the surface Cl atom results in charge localization around the defect site (Figure 4d ). For V Pb 2− (edge), the breaking of the Pb−S bond as a result of Pb atom removal significantly localizes the electron density around the sulfur atoms due to its S(3p) character (Figure 4e ). For both defects, the mean atomic displacements of the surface atoms are larger than those of core atoms because of the increased excited-state forces around the surface defects (Figure 3b ). In addition, we calculated the FC shifts of the three V Cl + with the inclusion of SOC effects (Table S1 ). While the overall shifts are lowered by 150 to 200 meV compared to non-SOC results, this does not change our observation that defects cause a substantial increase in FC shifts on the order of hundreds of meV.
The Stokes shift of PbS CQDs is size-dependent in the quantum confined regime: It decreases as the CQD size increase. 20, 47 It has been reported that the Stokes shifts of PbS CQDs at 1−2 nm can be as large as 580 meV. 51 At this size, the combined contribution from dark exciton effects and FC shifts are only approximately 100 meV. Our calculations with intrinsic defects (V Cl + ) lead to substantial amounts of FC shift, which can reconcile the experimentally measured and theoretical Stokes shift. Our work also agrees with recent work on CdSe CQDs that showed that strong vibronic contributions from surface states are important at controlling the Stokes shift in CQDs. 11 While our experimental and computational results cannot be compared directly due to the different CQD sizes, we can speculate that the increased defect densities from ligand exchange processes might be responsible for higher Stokes shifts. This result in turn suggests that by elimination of the defects and electron localization, the Stokes shift can be lowered to enhance PbS CQD-based device performance. In addition to defects, the morphology and surface structures of CQDs might change significantly during CQDs synthesis and ligand exchanges process, 52 which might warrant further investigation in the future.
CONCLUSION
In summary, we have used a combination of UV−vis and PL spectroscopy with ab initio calculations to investigate the Stokes shift of PbS CQD in order to understand the origins of the excessive Stokes shift in PbS nanocrystals. We found that the size and energetic disorders in a polydisperse CQD solid film contribute to an increase in the Stokes shift of approximately 20 to 50 meV compared to isolated CQDs. As we change the surface passivation, higher FC shifts are observed for ligands with larger electronegativities, but this effect is very small. Some stable intrinsic defects, such as V Cl + , can cause large electron localizations in the CBM states and excessive FC shifts comparable to experimental values. This increased shift is sufficient to explain the excessive Stokes shift. Our results indicate that the FC shift is likely to be an important source of the large Stokes shift in the lead chalcogenide family of CQDs, and this improved understanding of the optical properties of PbS CQDs is of great importance when designing the next generation of PV applications.
METHODS
DFT Calculation. All DFT calculations were performed using the Vienna Ab Initio Simulation Package. 53, 54 Electronic wave functions were expanded in plane-wave basis sets with an energy cutoff of 400 eV. We applied the Perdew−Burke−Ernzerhof-type generalized gradient approximation to the exchange−correlation functional, 55 and the core−valence interaction was treated using the projected augmented wave method. 56 A vacuum spacing of 15 Å was added to the supercell in all 3 spatial directions to remove any spurious interactions. Only the Γ k-point in the Brillouin zone was sampled, and the atomic positions were relaxed until the residual forces were <0.01 eV/Å. Electronic wave functions were visualized using the VESTA program. 57 We follow the same approach as in previous work for the calculation of the FC shift. 5, 6 The ground-state atomic configuration and total energy E gs (R gs ) is first obtained by minimizing the quantum mechanical forces. An electron−hole pair is excited in the triplet state, and the excited-state energy in the ground-state geometry is obtained E t (R gs ). The atomic positions are relaxed in the triplet spin configuration using constrained DFT, which gives the excited-state total energy in the excited-state geometry E t (R xs ). Finally, we calculate the ground-state total energy in the excited-state geometry E gs (R xs ). We note that after the vertical excitation from E gs (R xs ), the correct spin state is the singlet state with energy E s (R xs ); however, the energy difference between the bright spin-singlet and dark spin-triplet states has been demonstrated to be typically only 17 and 2 meV for PbSe CQDs 21 with diameters of 1.5 and 3 nm, respectively. Adopting the triplet spin configuration greatly improves the convergence behavior of our calculations. 5 The FC shift is given by CQD Synthesis and Ligand Exchange. PbS CQDs were synthesized according to a modified procedure from the literature. 58 Ligand exchanges were achieved by adapting various two-phase solution exchange methods. 59−61 Iodine-capped CQDs were prepared by combining 1 mL of CQDs (10 mg/mL in octane) with 0.75 mL of NaI (150 mg/mL in MeCN). The phases were mixed by vigorous shaking for at least 5 min and then left to stand until the CQDs had separated into the bottom MeCN layer. 3-Mercaptopropionic acid (MPA)-capped CQDs were prepared by combining 0.5 mL of CQDs (2.5 mg/mL in octane) with 0.5 mL of MPA (60 mg/mL in DMSO). The phases were vortexed at high speed for 2 min and then left to stand, whereupon the CQDs separated into the bottom DMSO layer. 1-Thioglycerol (TG)-capped CQDs were prepared by combining 0.5 mL of CQDs (4 mg/mL in octane) with 0.5 mL of TG (21 mg/mL in DMSO). The phases were vortexed at high speed for 5 s, visually initiating the exchange, and then were immediately centrifuged at 3200 rpm for 2 min. When removed from the centrifuge, the CQDs had migrated to the bottom DMSO solution. All three exchanged solutions were washed to remove residual oleic acid (OA) by repeating the relevant mixing step with the top octane layers.
Stokes Shift Measurements. CQD films were fabricated by diluting each CQD solution to 2.5 mg/mL and then drop casting them onto quartz disks through a 0.2 μm filter. For solution phase measurements, each solution was diluted to 1 mg/mL and then transferred into a quartz cuvette. Absorption measurements were performed using a Cary 5000 UV−vis-NIR spectrophotometer, whereas PL measurements were performed using a ThorLabs DET10N InGaAs detector and a 5 mW 532 nm excitation laser.
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Figures showing the electronic structures of defects-free CQDs passivated with Br, I, and methanethiol ligands. 
